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Abstract. The nucleotide regulation of a calcium-acti-
vated nonselective cation (Ca-NS*) channel has been
investigated in the rat insulinoma cell line CRI-GI1.
The activity of the channel is reduced by both AMP and
ADP (1-100 pM) in a concentration-dependent manner,
with AMP being more potent than ADP. At lower con-
centrations (0.1-5 um), both ADP and AMP activate the
channel in some patches. Examination of the nucleotide
specificity of channel inhibition indicates a high selec-
tivity for AMP over the other nucleotides tested with a
rank order of potency of AMP > UMP > CMP =
GMP. Cyclic nucleotides also modulate channel activ-
ity in a complex, concentration-dependent way. Cyclic
AMP exhibits a dual effect, predominantly increasing
channe] activity at low concentrations (0.1-10 um) and
reducing it at higher concentrations (100 um and 1 mm).
Specificity studies indicate that the cyclic nucleotide site
mediating inhibition of channel activity exhibits a strong
preference for cyclic AMP over cyclic GMP, with cyclic
UMP being almost equipotent with cyclic AMP. Cyclic
IMP and cyclic CMP are not active at this site. The
cyclic nucleotide site mediating activation of the chan-
nel shows much less nucleotide specificity than the in-
hibitory site, with cyclic AMP, cyclic GMP and cyclic
IMP being almost equally active.
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Introduction

Calcium-activated nonselective cation (Ca-NS*) chan-
nels are found in a wide range of vertebrate and inver-
tebrate cells where they are likely to play important
roles in excitation-secretion coupling and in the pro-
duction of slow depolarizing waves which underlie ac-
tion potential firing patterns (Partridge & Swandulla,
1988). There has also been a report of this channel in
the endosperm plasma membrane of higher plants
(Stoeckel & Takeda, 1989). The apparently ubiquitous
nature of Ca-NS* channels has led to the suggestion that
they may represent the archetypal cation channel from
which the more specialized channels for Na*, K* and
Ca2* have evolved (Hille, 1984).

Ca-NS* currents were first described in cardiac
Purkinje fibers (Kass et al., 1978) and subsequent work
using single channel recording techniques demonstrat-
ed the presence of Ca-NS™ channels in rat cultured car-
diac ventricular cells (Colquhoun et al., 1981). Since
then, similar channels have been found in a wide vari-
ety of tissues (see Partridge & Swandulla, 1988; Swan-
dulla & Partridge, 1990, for reviews). In general, Ca-
NS* channels have a single channel conductance of
between 20 and 35 pS and show little selectivity be-
tween Nat and K* ions, but exclude anions. They all
exhibit a largely linear current-voltage relationship, al-
though the degree of voltage dependence of their open
state probability varies from those that show a strong
voltage dependence, such as in Schwann cells (Bevan,
Gray & Ritchie, 1984), to those that show no obvious
voltage dependence, such as in cardiac ventricular myo-
cytes (Colquhoun et al., 1981). Calcium concentra-
tions in the micromolar range are generally required for
channel activation in excised patches, with the Ca-NS™
channel in rat Schwann cells being exceptional in re-
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quiring >0.1 mm Ca?* for activation (Bevan et al.,
1984). Maruyama and Petersen (1982, 1984) noted that
the Ca-NS* channels from pancreatic acinar cells were
far more sensitive to Ca?" when the patches were still
attached to the cell, and that this sensitivity rapidly de-
clined following excision, suggesting that some en-
dogenous modulators may regulate the channel’s sen-
sitivity to Ca?* and prevent it from desensitizing.

Ca-NS™ channels are also present in the plasma
membrane of the insulin-secreting cell line, CRI-G1
(Carrington et al., 1986). This channel has a single
channel conductance (25 pS) and ion selectivity prop-
erties similar to those described previously, but in terms
of calcium sensitivity the channel more closely resem-
bles that found in cultured Schwann cells since Ca?* ion
concentrations >0.1 mM are required for a significant
degree of activation (Sturgess et al., 1986b; Sturgess,
Hales & Ashford, 1987). Furthermore, the open state
probability of this Ca-NS* channel has also been shown
to be reduced in a concentration-dependent way by ap-
plication of ATP, or the nonhydrolyzable analogue,
AMPPNP, to the cytoplasmic surface of the membrane
(Sturgess et al., 1986b, 1987). Preliminary data also
suggest that the channel is sensitive to a range of other
adenine derivatives (Sturgess et al., 1986b).

The present report details the specificity and sen-
sitivity of the Ca-NS* channels in CRI-G1 cells to a va-
riety of nucleotides. In addition, because a wide vari-
ety of ion channels are now known to be directly gated
by second messengers, such as cyclic nucleotides (see
Hockberger & Swandulla, 1987; Swandulla & Partridge,
1990; Kaupp, 1991), we have also examined the sensi-
tivity of the Ca-NS* channels in the CRI-G1 cells to a
range of these nucleotides. The results are discussed in
terms of the regulatory properties of nucleotide deriv-
atives on Ca-NS™* channels and the possible physio-
logical significance of such modulation. A preliminary
account of some of these data has been published (Reale,
Hales & Ashford, 1992).

Materials and Methods

CEeLL CULTURE

Cells of the rat pancreatic islet cell line, CRI-G1, were used. These
were grown in Dulbecco’s modified Eagle’s medium at 37°C in a hu-
midified atmosphere of 95% air and 5% CO, and passaged at week-
ly intervals (Carrington et al., 1986). For the patch clamp studies, cells
of 2-6 days-old inclusive were used. After this time they become un-
suitable for experimentation because of their high density.

RECORDING AND ANALYSIS

In all experiments, the inside-out configuration of isolated membrane
patches (Hamill et al., 1981) was used. The recording pipettes used
had resistances of 8-10 MQ. Single channel currents were recorded
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using a Dagan 8900 patch clamp amplifier, coupled to an 8930 probe
(Dagan, Minneapolis, MN). Seal formation was monitored using a
digital oscilloscope (Gould 1421) and currents were stored on video
cassettes (VHS video cassette recorder, SLV-201, Sony; digital pulse
code modulation, PCM-701ES). Recorded data from the experiments
were played back into a Gould 3000 chart recorder which filtered the
signals at 0.14 kHz. Outward currents (defined as the current flow-
ing from the intra- to extracellular side of the membrane) are indicated
as upward deflections of the trace.

Single channel current analysis was determined off-line by use
of a program that incorporates a 50% threshold crossing parameter
to detect events (Dempster, 1988) and run on an Elonex PC286C-100
microcomputer. Data segments between 1-4 min were replayed in-
to the computer at the recorded speed, filtered at 600 Hz (—3 dB) us-
ing an 8-pole Bessel filter and digitized at a frequency of 3.3 kHz us-
ing a Data Translation 2801A interface. The average channel activ-
ity (V, o P ) where N, ¢ is the number of functional channels in the patch
and P is the open state probability, was determined by measuring the
total time spent at each unitary current level and expressed as a per-
centage of the total time recorded (Kozlowski, Hales & Ashford,
1989; Kozlowski & Ashford, 1990). Concentration-effect curves for
the inhibitory actions of nucleotides were fitted to the equation

y=(a—d)[1+ (xic)b] +d €8]

where a and d represent the maximum and minimum values, ¢ is the
half-maximal inhibitory concentration and b is the slope parameter
(Hill coefficient), according to a Marquandt-Levenberg least squares
method (SigmaPlot V.4.1). Experimental values are given as mean
* sEM; n denotes the number of results. Statistical comparisons be-
tween data sets were made using a Student’s f-test.

SOLUTIONS

The ionic composition of the solution in the patch pipette was (mm)
135 NaCl, 5 KCI, 1 MgCl,, 1 CaCl, and 10 HEPES, titrated to pH 7.2
with NaOH. The bathing solution consisted of (mm): 140 KCI, 1
MgCl,, 0.9 CaCl,, 1 EGTA and 10 HEPES, titrated to pH 7.2 with
KOH, giving a final free calcium concentration of 1 um. Because a
high [Ca’*] is needed to activate the nonselective cation channel
(Ca-NS™), the bathing solution was replaced with a solution con-
taining (mM): 140 KCI, 1 MgCl,, 1 or 0.5 or 0.2 CaCl, and 10
HEPES titrated to pH 7.2 with KOH on formation of an inside-out
patch. The extent of the chelation of calcium and magnesium ions by
the nucleotides used was calculated by the “METLIG” program (P.
England and R. Denton, University of Bristol) and was found to be
negligible in the experiments described for all nucleotides up to a con-
centration of 1 mM.

Drugs were applied to membrane patches by superfusing the
bath, using a gravity feed system, at a rate of approximately 0.5 ml/
sec, which allowed a complete solution exchange within 45 sec. All
experiments were performed at room temperature, 22-25°C. The
reagents used were obtained from Sigma Chemical (Poole, Dorset,
UK).

Results

INHIBITION OF Ca-NS™* ACTIVITY BY
ADENINE NUCLEOTIDES

Single channel recordings were obtained from inside-out
patches of CRI-G1 cells, exposed to an asymmetrical
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distribution of cations across the membrane (i.e., Na*-
rich in the electrode and K*-rich bathing the internal
face of the excised membranes) and with high concen-
trations of calcium (0.1-1.0 mM) in the bathing solution.
Such high concentrations of calcium are required to
produce a significant opening of the Ca-NS™ channel
(Sturgess et al., 1987). In most experiments in the pre-
sent study, 0.5 mM calcium was used in the bathing
medium, but in some experiments with AMP and cyclic
AMP, where an activation of channel activity was ex-
pected, a lower calcium concentration (0.2 mM) was
used to maximize the potential for the observation of an
increase in channel activity. In all experiments, mem-
brane patches were held at a membrane potential of
—45 mV. Under these experimental conditions, the 25
pS Ca-NS* channel was the predominant ionic channel
(Sturgess et al., 1987) with an average of 3.16 * 0.17
(mean = SEM) (n = 51) channels per patch. The activ-
ity of the K, channels present in the patches was
largely inhibited by the high internal concentrations of
calcium used in these studies (Sturgess et al., 1987)
and by the process of rundown (Kozlowski & Ashford,
1990). Patches containing large conductance calcium-
activated K* channel activity (Sturgess et al., 1986a)
were discarded.

Figure 1 shows typical single channe] activity and
illustrates the sensitivity of the Ca-NS™ channel to
AMP. Exposure of the internal face of the membrane
patch to AMP (Fig. 14,B) strongly inhibited channel ac-
tivity with no change in the unitary channel current
amplitude; 10 uMm AMP reduced NP, from 0.46 to
0.05 and 100 pM AMP caused complete inhibition.
Channel activity recovered completely when AMP was
washed away from the internal face of the membrane.
Similar results were obtained on application of ADP to
the isolated patch. This is illustrated in Fig. 2 where ap-
plication of 10 um ADP reduced N, - P, from 0.86 to
0.38 and 100 um from 1.32 to 0.004(. Channel activity
recovered completely on removal of the ADP from the
patch. The decrease in the activity of the Ca-NS* chan-
nel induced by AMP and ADP could be due to an al-
teration in the average open-state probability (P ) of the
channel and/or in the number of functional channels (N)
observed in a single patch. For example, 10 um AMP
(Fig. 1A) and ADP (Fig. 2B) reduced the number of ac-
tive channels from three to two and from two to one, re-
spectively. Unfortunately, a patch with only one func-
tional channel was never obtained, so binomial analy-
sis was performed on the average currents recorded
from inside-out patches to try to determine which of
these parameters were changing in the presence of the
nucleotides (Kozlowski et al., 1989). The results of this
study (not shown) indicate that both AMP and ADP (10
uM) induce a decrease in both parameters of channel ac-
tivity, P and N, (n = 3 for each nucleotide). In gen-
eral, the reduction in Nf was reversible on washout of
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nucleotide aithough, on some occasions, the number of
channels remained reduced (Figs. 1A, 2A4) and there
was a compensating increase in the P of the remaining
active channels which resulted in little overall change
in N, - P compared to control. On the occasions when
all channels returned to activity on washout of the nu-
cleotide there was some “refreshment” such that chan-
nel activity was transiently higher with respect to the
control value. These actions of the adenine nucleotides
were not investigated further.

Inhibition of Ca-NS¥ channel activity by ADP and
AMP was clearly concentration dependent. This is il-
lustrated in Fig. 3 where the activity of the channel in
the presence of the nucleotide (Nf P, ) is ploted
relative to the control activity prior to the addition of the
nucleotide (¥, I P, ooy fOT patches exhibiting inhibi-
tion only (see below). The calculated half-maximal in-
hibitory concentrations for AMP and ADP were 0.44
and 3.4 uM with Hill coefficients of 0.96 and 1.47, re-
spectively. For comparison, the concentration-inhibition
curve for ATP (half-maximal inhibitory concentration,
8 pm) is also shown using data from Sturgess et al.,
1987).

ACTIVATION OF Ca-NS™ CHANNELS BY
ADENINE NUCLEOTIDES

In some patches AMP (6 out of 26 tested) and ADP (6
out of 20 tested), at concentrations between 0.1 and 5
uM, increased Ca-NS™* activity. Figure 44 illustrates
this effect for a patch in which application of 0.1 um
AMP increased channel activity from 0.06 to 1.61.
There was no obvious concentration dependence ob-
served for this activation, and the mean increase in ac-
tivity induced by 0.1-5 uM AMP was 1.77 =032 (n =
6). Similarly, ADP (0.1-5 um) also increased Ca-NS*
activity. Figure 4B illustrates the effect of 0.1 um ADP
applied to an inside-out patch; channel activity increased
from 1.45 to 1.93. ADP at this concentration range pro-
duced a mean increase in Ca-NS™ channel activity of
2.04 + 0.50 (n = 6) over control. Both nucleotides in-
creased P, and N, as confirmed by binomial analysis
(not shown). These effects of AMP and ADP were al-
so reversible on removal of the nucleotide, although in
some cases P remained increased suggesting that some
refreshment of activity had occurred. The increase in
Ca-NS™ channel activity was maintained during the pe-
riod (up to 5 min) in which the internal face of the
membrane was exposed to nucleotide. In all isolated
patches which displayed Ca-NS* channel activation in
response to low concentrations of AMP or ADP, high-
er concentrations of nucleotide (=10 pum) caused inhi-
bition. The reason why some membrane patches exhibit
an increase and others a decrease in Ca-NS™ channel ac-
tivity at the same concentration is not known.
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NUCLEOTIDE SPECIFICITY

Since the Ca-NS™ channel was more sensitive to AMP
than the other adenine nucleotides tested (see above
and Sturgess et al., 1986b), the nucleotide specificity of
the channel was investigated by comparing the relative
potencies of a range of monophosphorylated nucleo-
tides.

In contrast to AMP, UMP, CMP and GMP were
much less effective at reducing channel activity. They
caused incomplete closure of the channel even at con-
centrations as high as 1 mm (Table 1). All three nu-
cleotides inhibited channel activity by reducing P, and
N,, effects which were reversed on washing (data not
s}/:(own). The inhibitory effects of the non-adenosine-
based nucleotides (0.1-1.0 mm) were significantly less
than those of 0.1 mM AMP (P < 0.01). The results in-
dicate that the Ca-NS™ channel shows a high selectiv-
ity for inhibition by AMP over the other nucleotides

(inward currents). The values for Nf - P, are as
1 follows: (A) Control, 0.456; 10 um AMP, 0.046;

“2 Wash, 0.586; (B) Control, 0.891; 100 um AMP, 0;
Wash, 0.697. In this figure, and all subsequent
figures, the current levels are indicated on the

‘szA right (¢ = closed; I = one channel open; 2 = two
channels simultaneously open, etc.)

4s

tested, with a rank order of potency of AMP > UMP >
CMP = GMP. There was no activation induced by low
concentrations (0.1 and 1.0 uM) of the non-adenosine
monophosphorylated nucleotides (n = 7).

ACTIONS OF CYCLIC NUCLEOTIDES ON
Ca-NS™ CHANNELS

Application of cyclic AMP to the internal face of ex-
cised patches also induced dual effects on Ca-NS* chan-
nel activity. At low concentrations (0.1 and 1.0 um)
cyclic AMP caused either activation or a small reduc-
tion of channel activity. Figure 5A shows that 1 uM
cyclic AMP induced an increase in channel activity
which was maintained for as long as the patch was ex-
posed to the nucleotide and was reversible on washout
of the cyclic AMP. Activation of channel activity by
0.1 and 1.0 uM cyclic AMP was observed in 14 out of
20 paiches analyzed. In the other six patches, a small
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Fig. 3. The concentration dependence of the inhibitory effect of AMP
(O) and ADP (@) on the single channel activity of the Ca-NS* chan-
nel measured in isolated inside-out patches held at a membrane po-
tential of —45 mV in the presence of 0.5 mm Ca?>*, The values of
N; - P, are plotted relative to the control value. In the absence of the
nucleotides, this is 1.0. Values are expressed as the mean * SEM of
at least four patches. The smooth curves were fitted to the data using
Eq. (1), according to a Marquardt-Levenberg least squares method
(SigmaPlot Version 4.1). The relative inhibitory effect of ATP (dashed
line) is shown for comparison using data from Sturgess et al. (1987).

«C

Fig. 2. Single channel current records showing
the inhibitory effects of different concentrations
of ADP, 10 uM (4) and 100 uM (B) in two
separate patches. Ca-NS™ channel currents were
recorded from excised inside-out patches held at a
membrane potential of —45 mV in the presence
of 0.5 mM Ca®*. Single channel openings are
denoted by downward deflections (inward
currents). The values for N, e P, are as follows:
(A) Control, 0.859; 10 um ADP, 0.383; Wash,
0.905; (B) Control, 1.325; 100 um ADP, 0.004;
Wash, 1.195.

degree of inhibition or no effect was seen on channel ac-
tivity, and even after a 5 min exposure to cyclic AMP
no increase in N, - P occurred. The increase in chan-
nel activity induced by cyclic AMP was due to an in-
crease in both P and N,

At higher concentrations of cyclic AMP (=10 um),
the activating effect of cyclic AMP declined and chan-
nel activity was reversibly reduced in the majority of
patches. Upon exposure to concentrations of 10 or 100
uM cyclic AMP, 5 out of 18 patches exhibited an in-
crease in Ca-NS™ channel activity, the others only clo-
sure, and at a concentration of 1 mM cyclic AMP, 8 out
of § patches showed inhibition. Furthermore, in patch-
es where cyclic AMP induced channel activation at low
concentrations, increasing the concentration of the cy-
clic AMP always resulted in channel closure (Fig. 5B).
The inhibition of Ca-NS™ channel activity by high con-
centrations of cyclic AMP was also associated with a re-
duction of both N, (channels entered a long-lived closed
state, for as long as the cyclic AMP was present) and P
On washout of the cyclic nucleotide, there was an im-
mediate return in P, but N, often remained suppressed.
For example, in a single experiment where two channels
were active in control, with an average P, of 0.46, 100
uM cyclic AMP reduced P, to 0.01 with one of the
channels entering a long-lived closed state. On washout
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Table 1. Nucleotide specificity of Ca-NS* channel inhibition by
monophosphorylated nucleotides

Experimental condition

Nf' P (test)/ (n)
(in 0.5 mM Ca™)

N, I P (control)

AMP 0.1 mM 0 5)
UMP 1 mm 0.24 +0.11 @)
CMP 1 mm 0.58 = 0.09 )
GMP 1 mm 0.67 = 0.05 @

The results are expressed as the mean relative change from control in
N,- P, * sEM. The number of patches (n) used are shown in paren-
theses. A Student’s ¢-test of the above data reveals that the values for
UMP and GMP are significantly different at the 0.05 level (P =
0.014) and the values for UMP and CMP are significantly different
at the 0.05 level (P = (0.05), while values for GMP and CMP are not
significantly different at the 0.05 level (P = 0.41).
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«C
«1
«2

<C Fig. 4. (A) Single channel current records

1 showing the activating effects of 0.1 um

42 AMP. Ca-NS* channel currents were recorded

43 from excised inside-out patches held at a
membrane potential of —45 mV in the

«C presence of 0.2 mM Ca?*. Single channel

«1 openings are denoted by downward

42 deflections (inward currents). The values for

«3 N, - P, are as follows: Control, 0.062; 0.1 um

44 AMP, 1.609; Wash, 0.090. (B) Single channel

current records showing the activating effects

«C of 0.1 um ADP. Ca-NS™ channel currents
a1 Lo
a2 were recorded from excised inside-out patches

held at a membrane potential of —45 mV in
43 the presence of 0.5 mM Ca?*. Single channel
openings are denoted by downward
deflections (inward currents). The values for
Nf - P, are as follows: Control, 1.450; 0.1 um
ADP, 1.913; Wash, 1.600.

of the cyclic AMP, P increased to 0.3 but only one
channel was active. Thus, the effects of cyclic AMP on
Ca-NS* channel activity are concentration dependent,
and a plot of the average activity (N~ P) in the pres-
ence of nucleotide (Fig. 6A) for all patches where cyclic
AMP was tested (n = 37) clearly indicates the bipha-
sic nature of the action of this nucleotide. However, if
the patches where cyclic AMP induced activation are
excluded from the average and plotted separately from
the inhibition data (Fig. 6B), it can be seen that, unlike
the clear concentration-dependent inhibition induced
by concentrations of cyclic AMP greater than 1 uMm,
there is no obvious concentration dependence for acti-
vation. The calculated half-maximal concentration of
cyclic AMP for inhibition of Ca-NS* activity was 12 uM
and had a Hill coefficient of 0.45.
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Other cyclic nucleotides produced similar effects.
In general, activation of channel activity was observed
at lJow concentrations in a proportion of patches, with
little effect or inhibition of channel activity at high con-
centrations for all the cyclic nucleotides tested. For ex-
ample, in 9 out of 17 patches cyclic GMP (0.01-10
uM) indoced an increase in Ca-NS* channel activity
(mean activation 1.99 * 0.38 over control) and at high-
er concentrations (100 uM and 1 mm) a small degree of
channel inhibition was observed (10 out of 11 patches).
Activation of Ca-NS™ channel activity also occurred
with 100 um cyclic UMP (three out of six; mean acti-

167

«C
«1
2
<«C
N < 1
«2
«3
<4
ihy «C
i «1
2
«C
By <
' 42 Fig. 5. (4) Single channel current records
43 showing the activating effect of 1 uM cyclic AMP
<4 Ca-NS* channels currents were recorded from an
excised inside-out patch in the presence of 0.2
mM Ca?*. Single channel openings are denoted by
«C downward deflections (inward currents) and the
: ; membrane potential was maintained at —45 mV.
The values for N, - P, are as follows: Control,
“3 0.151; 1 uM cyclic AMP, 0.329; Wash, 0.250. (B)
4 Single channel current records showing the
activating effect of 1 uM cyclic AMP and the
«C inhibitory effect of 100 um cyclic AMP on the
« 1 activity of the Ca-NS™ channel recorded from the
« 2  same inside-out paich held at a membrane
<3 potential of —45 mV in the presence of 0.2 mm

Ca’*. The values of the N, - P are as follows:
Control, 1.848; 1 uM cyclic AMP, 2.438; and 100
uM cyclic AMP, 1.360. The nucleotide effects
shown were fully reversible between the second
and third traces and after the third trace (not
shown) when the patch was washed with
nucleotide-free solution.

vation 1.78 £ 0.28), 0.1-1.0 um cyclic CMP (three out
of four patches; mean activation, 1.64 = 0.25) and
0.1-1.0 uM cyclic IMP (three out of seven; mean acti-
vation 2.91 * 0.9). Consequently, the cyclic nucleotide
site on this channel that mediates activation does not dis-
play any significant degree of base specificity. This is
not so for the cyclic nucleotide site that mediates chan-
nel inhibition. This site on the Ca-NS* showed a strong
preference for cyclic AMP over cyclic GMP, with cyclic
UMP being almost equally potent with cyclic AMP.
Cyclic IMP and cyclic CMP were not active at this site
(Table 24,B).
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Fig. 6. Concentration dependence of the actions of cyclic AMP on sin-
gle channel activity measured in isolated inside-out patches in the pres-
ence of 0.2 mm Ca?". Values of N - P, are plotted relative to the con-
trol value (in the absence of cyclic AMP) prior to addition of the nu-
cleotide. In the absence of cyclic AMP this is 1.0. (A) Average
response to cyclic AMP of channel activity in all patches analyzed.
Values are the means = SEM of at least five patches. Note the vari-
ability in response to cyclic AMP at 0.1 and 1 um. (B) Response to
cyclic AMP in patches that exhibited distinct activations (O; mean *
seM of at least three patches) in comparison to those that showed no
effect or inhibition of channel activity (@; mean = SEM of at least three
patches). The data shown are a subset of A. The activation value at
0.01 uM is from only one patch and was 1.51, and for 10 um the val-
ues are from two patches, 2.15 and 1.27.

CycLic AMP ACTIVATION Is NOT MEDIATED BY
PROTEIN KINASE

Cyclic AMP mediates many of its actions in intact cells
through the activation of cyclic-AMP-dependent protein
kinase activity. Therefore, one possible reason for the
variability in observing activation of the Ca-NS™ chan-
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Table 2. Nucleotide specificity of Ca-NS¥ channel inhibition by
cyclic nucleotides

Experimental condition N, e P (test)/ (n)

N, ¢ P (control)

(A) (0.1 mm)
Cyclic AMP 0.29 + 0.08 )
Cyclic UMP 0.44 *+ 0.15 3)
Cyclic GMP 0.61 = 0.21 ()
Cyclic CMP 0.92 + 0.18 3)
Cyclic IMP 0.99 + 0.07 )
(B) (1 mm)
Cyclic AMP 0.22 + 0.13 (8)
Cyclic UMP 0.26 = 0.11 3
Cyclic GMP 0.83 = 0.28 )

The results are expressed as the mean relative change from control in
N, I P, * sem. The number of patches (1) used are shown in paren-
theses. A Student’s z-test of the above data reveals that in A, the val-
ues for Cyclic AMP and Cyclic UMP are not significantly different
at the 0.05 level (P = 0.388), whereas the values for Cyclic AMP and
Cyclic GMP are significantly different at the 0.1 level (P = 0.08). The
values for Cyclic AMP and Cyclic CMP and those for Cyclic AMP
and Cyclic IMP are significantly different at the 0.05 level (P =
0.0068 and P = 0.0012, respectively). Similarly, in B, the values for
Cyclic AMP and Cyclic UMP are not significantly different at the 0.05
level (P = 0.866), whereas those for Cyclic AMP and Cyclic GMP,
and those for Cyclic UMP and GMP, are significantly different at the
0.05 level (P = 0.046 and P = 0.0047, respectively).

nel is the presence or absence (inactivation) of an en-
dogenous kinase in the isolated inside-out patch. Fig-
ure 7 shows an experiment (n = 3) in which 1 um cyclic
AMP was applied to an inside-out patch producing an
activation of channel activity to 3.2 over control. Fol-
lowing washout of the cyclic AMP and recovery of the
channel activity, a second application of the same con-
centration of cyclic AMP in the presence of a protein ki-
nase inhibitor (1 uM), induced a similar activation of
channel activity (to 3.1 over control). The protein ki-
nase inhibitor used in this experiment was a synthetic
20-residue peptide corresponding to the active sequence
of a rabbit skeletal muscle protein kinase inhibitory
protein (Cheng et al., 1986). A similar experiment was
repeated using 10 um (n = 2) of the protein kinase in-
hibitory peptide to try to block the activation of chan-
nel activity produced by 1 um cyclic AMP. Again no
inhibition of the cyclic AMP activation was observed
suggesting the actions of cyclic AMP are likely to be
through a direct interaction with the Ca-NS* channel.

Discussion
The open state probability of the Ca-NS™ channel in this

cell line is reduced by ATP in a concentration-depen-
dent way (Sturgess et al., 1986b, 1987). The present
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investigation has shown that the Ca-NS™ channel ac-
tivity is also reduced by AMP and ADP in a concen-
tration-dependent manner, confirming earlier prelimi-
nary observations (Sturgess et al., 19865). The present
results are consistent with the suggestion (Sturgess et al.,
1986b) that AMP is more potent than ADP and ATP at
closing these channels. A similar order of potency has
been reported for adenine-containing nucleotides caus-
ing inhibition of Ca-NS™ channel activity in kidney
cells (Paulais & Teulon, 1989). Ca-NS* channel ac-
tivity is also blocked by ATP and AMP in a cultured se-
cretory epithelial cell line (Cook, Poronnik & Young,
1990) and by ATP and ADP in mouse pancreatic aci-
nar cells (Thorn & Petersen, 1992). The greater poten-
cy of AMP and ADP over ATP for the Ca-NS™ chan-
nel in CRI-G1 cells suggests some similarity with P,
purinergic receptors (Burnstock, 1978), but the much re-
duced effectiveness of adenosine (Sturgess et al., 19865)
is not compatible with this. The nucleotide specificity
of the Ca-NS™* channel is also very different from that
of the ATP-sensitive KT (K Ap) channel which is also
present in this (Sturgess et al., 19864) and other insulin-
secreting cell lines (Dunne & Petersen, 19864,b) and in
isolated p-cells (Cook & Hales, 1984; Misler et al.,
1986). ATP is much more effective than ADP and this
channel is virtually insensitive to AMP and to adenosine
suggesting a similarity with the P, purinergic receptor
(Kakei, Noma & Shibasaki, 1985).

The observation that both ADP and AMP can acti-
vate the Ca-NS* channel in some patches, especially at
low Ca?* concentrations, suggests that these nucleotides
may modulate Ca-NS* channel activity by binding to

1M «C
c AMP <1
1+M «2

H <3
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Fig. 7. Single channel current records to
illustrate the activating effect of 1 um cyclic AMP
in the presence of 1 uM cyclic-AMP-dependent
protein kinase inhibitory peptide. The control
trace shows channel activity before exposure to 1
uM cyclic AMP alone (second trace). The patch
was washed (nor shown), and then exposed to a
combination of 1 uM cyclic AMP plus 1 pM of
the synthetic inhibitory peptide. Channel currents
were recorded from an excised inside-out patch
held at a membrane potential of —45 mV in the
presence of 0.2 mm Ca?*. N, - P_ values are:
Control, 0.308; 1 uMm cyclic AMP, 0.979; and 1
uM cyclic AMP plus 1 um synthetic inhibitory
peptide, 0.943.

e

multiple sites on the channel, one capable of increasing
channel activity, the other of decreasing it. The in-
creased variability of the response of the Ca-NS* chan-
nel to low concentrations of AMP and ADP (in the
range 0.1-10 um) could be provided by the relative de-
grees of activation and inhibition exhibited by the chan-
nels in individual patches. In contrast to the observa-
tions of Bokvist et al. (1991) on the K, channel, we
have no evidence for time-dependent changes in the re-
sponse of the Ca-NS™ channel to the application of any
of the nucleotides tested in the present study. As ini-
tially observed by Sturgess et al. (19862), the respons-
es of the Ca-NS™ channel to adenine nucleotides (and
in the present study to other nucleotides as well) was im-
mediate and completely reversible by washing and could
be reproduced many times with the same patch during
prolonged recording periods of up to 2-3 hr. At present,
the factors controlling this switch in responsiveness of
the Ca-NS* channel to adenine-containing nucleotides
in the CRI-G1 cells are not known. The transient chan-
nel activation that follows ATP removal has also been
suggested to indicate a second nucleotide binding site
on the Ca-NS¥ channel in pancreatic acinar cells (Thorn
& Petersen, 1992). Nucleotides have also been sug-
gested to modulate the activity of the K, channel in
[3-cells by binding to multiple sites (Dunne et al., 1988;
Ashcroft & Rorsman, 1991; Hopkins et al., 1992). Itis
likely that there is one inhibitory site where both ATP
and ADP act, and two separate activating sites, one for
ADP and a second activated by ATP through a phos-
phorylation which also reduces channel “rundown”
(Bokvist et al., 1991; Tung & Kurachi, 1991). It has
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been suggested that in the intact p-cell, the ATP/ADP
ratio is the important parameter in deciding the charac-
teristics of the response of the K, channel to nu-
cleotides (Dunne et al., 1988). However, the effects of
different nucleotide ratios on the Ca-NS* channel have
not yet been investigated.

Our results indicate that closure of the Ca-NS™
channel is selective for adenine-containing nucleotides
since AMP is much more potent than UMP or GMP; this
is consistent with the findings of an earlier report (Stur-
gess et al., 1986b). Similar results were also obtained
for the Ca-NS™ channel from mouse kidney cells (Pau-
lais & Teulon, 1989). K,., channels have also been
demonstrated to show some degree of nucleotide base
specificity. The K, channel of frog skeletal muscle
exhibits a high specificity for adenine-containing nu-
cleotides since base modifications using other purines
(GTP or ITP) or pyrimidines (CTP or UTP) reduced
their effectiveness by about tenfold (Spruce, Standen &
Stanfield, 1985, 1986, 1987). In ventricular myocytes,
GTP and UTP produce a partial block of K, ;, channel
activity (Lederer & Nichols, 1984) and the Karp of
pancreatic B-cells is activated by low concentrations of
GTP and GDP (0.01-1 mm) (Dunne & Petersen,
19864,b) and inhibited by higher concentrations (see
Ashcroft, 1988).

A novel finding of the present investigation is that
the Ca-NS™ channel in CRI-G1 cells is also sensitive to
cyclic nucleotides. Cyclic AMP exhibits a dual effect,
predominantly increasing channel activity at low con-
centrations (0.1-10 uM) and reducing it at higher con-
centrations (100 uM and 1 mM). A similar inhibitory ef-
fect of cyclic AMP at high concentrations has been
shown for the Ca-NS* channel in kidney cells (Paulais
& Teulon, 1989), although the authors of this report did
not indicate the effects of low concentrations. By con-
trast, a direct activation of a nonselective cation con-
ductance, the i, current, by cyclic AMP occurs in inside-
out patches from the membrane of isolated rabbit sino-
atrial node myocytes (cardiac pacemaker cells) at all
concentrations tested from 0.01-100 um (DiFrancesco
& Tortora, 1991). Cyclic AMP also directly activates
nonselective cation channels underlying sensory trans-
duction in olfactory neurons (Nakamura & Gold, 1987)
and in rod outer segments (Furman & Tanaka, 1989).

The actions of cyclic AMP on the Ca-NS* channel
are likely to be direct and not via the actions of a cyclic-
AMP-dependent protein kinase. This conclusion is sup-
ported by the observations that cyclic AMP modulates
channel activity in patches in the absence of added
ATP, and that the potent synthetic peptide inhibitor of
cyclic-AMP-dependent protein kinase (Cheng et al.,
1986) does not prevent cyclic-AMP-induced activation.

The cyclic nucleotide site on the CRI-G1 Ca-NS™*
channel mediating the inhibition of channel activity al-
so exhibits base specificity, with cyclic AMP = cyclic
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UMP > cyclic GMP > cyclic CMP = cyclic IMP. Tt
has also been reported that cyclic AMP is much more
potent than cyclic GMP in inhibiting a nonselective
cation channel in kidney cells (Paulais & Teulon, 1989)
and in cardiac pacemaker cells (DiFrancesco & Torto-
ra, 1991), with cyclic CMP having a significant, but
lower effect than the other two nucleotides in the latter
case. The second site on the CRI-G1 Ca-NS™ channel
mediating the increase in channel activity shows much
less nucleotide specificity, with cyclic AMP, cyclic
GMP and cyclic IMP being almost equally active at this
site. Similarly, the nonselective cation channel in ol-
factory membrane patches showed an almost equal
affinity for cyclic AMP and cyclic GMP (K, around 2
uMm for both), with cyclic CMP being about 20- to 30-
fold less potent in excised patches from olfactory neu-
rons (Nakamura & Gold, 1987). However, it should be
noted that when this channel was cloned from a rat ol-
factory cDNA library and expressed transiently in hu-
man embryonic kidney cells, it showed a 30-fold pref-
erence for cyclic GMP over cyclic AMP (Dhallan et al.,
1990). The cyclic-nucleotide-gated channel in rods and
cones was originally described to be highly selective for
cyclic GMP, and not to be activated by cyclic AMP at
concentrations up to 1 mm (Fesenko, Kolesnikov &
Lyubarsky, 1985; Haynes & Yau, 1985). Nonetheless,
more recently cyclic AMP has been reported to be a par-
tial agonist of photoreceptor nonselective cation chan-
nels, activating only a fraction of the maximal cyclic
GMP current (Tanaka, Eccleston & Furman, 1989; Ilde-
fonse, Crouzy & Bennett, 1992), but being capable of
potentiating the current produced by low doses of cyclic
GMP (Filatov et al., 1989; Furman & Tanaka, 1989).
The cyclic-GMP-dependent conductance of the frag-
ments from frog rod plasma membranes has also been
suggested to be modulated by ATP, GTP and cyclic
AMP at a number of as vet undefined regulatory sites
different from the site of action of cyclic GMP (Filatov
et al., 1989).

Thus, it seems that the Ca-NS* channel in the CRI-
G1 cells may have at least two different cyclic nucleo-
tide regulatory sites, in addition to the two sites de-
scribed above for noncyclic nucleotides. In the ab-
sence of specific blocking agents for these sites, the
degree of cross-reactivity of each of the nucleotides is
difficult to predict.

The exact physiological role of the Ca-NS™ chan-
nel in the intact cells of the insulin-secreting cell line
CRI-G1 is not known. In addition, its presence has not
yet been determined in cell-attached patches from nor-
mal B-cells, although Ca-NS* channel-like activity
could be recorded in excised inside-out patches from
these cells (Reale, 1992). However, the channel is pre-
sent in CRI-G1 cells at a density equal to that of the
ATP-K* channel (Sturgess et al., 1986a,b, 1987) and
since its open state probability depends on a complex in-
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terrelationship between intracellular calcium concen-
tration, membrane voltage and the intracellular con-
centrations of adenine-containing nucleotides, it could
well be in a unique position to modulate the process of
insulin release. For instance, the glucose-induced clo-
sure of the ATP-K* channels in B-cells (Ashcroft, 1988;
Cook et al., 1988) will only cause a depolarization in the
presence of a background inward current. Thus, at least
a part of the sodium-dependent background inward cur-
rent that underlies the glucose-evoked depolarization in
the rat insulinoma cell line RINmSF (Dunne et al., 1989,
1990) could be due to the activity of the Ca-NS™ chan-
nel. Indeed, the sensitivity of the Ca-NS* channel to
cyclic nucleotides opens up the possibility that it could
be involved in the modulation of the glucose-induced in-
sulin release by agents such as glucagon, somatostatin
and galanin, which alter cyclic nucleotide levels in the
[3-cells (Prentki & Matschinsky, 1987; De Weille et al.,
1989).
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